Progressive accumulation of stress-induced martensite during cyclic loading of NiTi shape memory alloys results in both structural and functional fatigue. We present experimental data demonstrating that periodic annealing of the fatigued samples above the austenite finish temperature ('healing') retransforms the residual martensite back into the parent phase, and therefore enhances the fatigue life (stress-controlled testing, structural fatigue) or partly reverses the changes in the pseudo-elastic hysteresis (strain-controlled testing, functional fatigue).
Introduction
Fatigue in shape memory alloys (SMAs) occurs due to the accumulation of defects and structural changes, which in turn leads not only to structural fatigue (i.e. crack initiation, crack growth and final rupture [1] ) but also to functional fatigue [2] : when an SMA that exhibits pseudo-elastic behaviour is subjected to cyclic loading, accumulation of permanent strain ensues and the critical stresses for the forward and reverse transformation decrease [2, 3] . Functional fatigue has been attributed to either the accumulation of dislocations [3] or the stabilization of martensite variants [4, 5] or a combination of these processes [6, 7] .
A simple heat treatment that involves heating a cycled sample to a temperature T h above the austenite finish temperature, A f , which reverts stress-induced martensite (SIM) back into austenite, can partly revoke the degradation of shape memory properties and hence enhance the functional fatigue performance of SMAs [7, 8] . This procedure is referred to as healing hereafter. It is well established that the stressinduced transformation in front of a crack tip can retard crack growth [9] [10] [11] . Stabilization of martensite will locally reduce a microstructure's potential for stress relaxation and may therefore also have a detrimental effect on fatigue lives during structural fatigue. In consequence, we conjecture that the beneficial effect of healing can also increase structural 3 Author to whom any correspondence should be addressed.
fatigue lives of pseudo-elastic SMAs. Whether this is really possible and, if so, how much enhancement of fatigue life can be achieved during structural fatigue are some outstanding questions that have not been addressed hitherto. We examine these aspects in this paper by comparing the effects of healing on pseudo-elastic SMA specimens subjected to cyclic loading either under stress control or in strain control. While the former was employed to investigate structural fatigue failure of the specimens, the latter allowed focusing on the subtle changes in the pseudo-elastic hysteresis associated with functional fatigue.
Materials and experiments
The stress-controlled fatigue experiments were conducted on 'dog bone' type tensile specimens (60 mm gauge length, 5 mm width and 2 mm thickness) of Ni 50. 8 Ti alloy (composition in at%). A servo-hydraulic universal testing machine equipped with data acquisition system and hydraulic pressure grips was used for the fatigue tests. Tension-tension fatigue cycling was conducted with a stress ratio R (ratio of the minimum to maximum stresses of the fatigue cycle) of 0.1. An extensometer with a gauge length of 25 mm was used for measuring the strain and care was exercised to avoid slip during fatigue loading. The frequency was maintained at 5 Hz. Each specimen was cycled in load-controlled mode at fixed stress amplitude, σ = (σ max − σ min ), where σ max and σ min are the maximum and the minimum stresses of the sinusoidal fatigue cycle, and the stress-strain loops were monitored until fracture. Further experimental details can be found elsewhere [12] . In select cases, the fatigue loading was stopped after a predetermined number of cycles, then specimens were dipped in oil at a healing temperature T h = 150
• C for t h = 300 s, and subsequently allowed to attain thermal equilibrium with the ambient before continuation of the fatigue testing. The first healing was typically performed after about 25% of the total life at that particular stress amplitude σ (with the a priori knowledge of the number of cycles to fracture, N f ). This period was increased progressively, with equal spacing on a logarithmic scale. In the case of σ = 250 MPa, the first healing was performed after approximately 60% of N f .
For studying the functional fatigue, Ni 50.9 Ti wires (diameter 1.2 mm; average grain size ∼50 nm) were cyclically deformed in total strain control (tension-tension cycling) at T = 50 ± 0.5
• C and a nominal strain rate of 8.89 × 10 −3 min −1 . An extensometer (20 mm gauge length) was used for monitoring the strains. The following testing procedure was devised to capture the effect of healing treatments on functional properties: as received wire specimens were deformed in a first mechanical cycle to a maximum total strain of ε max = 5%. After unloading, healing was performed with different temperatures 100 T h 300
s). For temperatures T h 150
• C, the wires were dipped in an oil bath or, for higher healing temperatures, in pre-heated silica sand and then water quenched. In a second series of healing treatments, t h was varied between 10 and 1200 s (at constant T h = 150
• C). The healed specimens were subsequently subjected to a second tensile cycle with an increased maximum strain ε max = 6.0%.
Results and discussion
The stress amplitude, σ versus the number of fatigue cycles to failure, N f , obtained by stress-controlled testing is shown in figure 1 . With increasing cycle number N , residual strain ε p is gradually accumulated. The increase in ε p with N for the case of σ = 315 MPa without intermediate healing is shown in figure 2 . Strain accumulates rapidly in the first few cycles before reaching a plateau value for all experiments with lower σ values (i.e. when σ max σ SIM ), where the specimens spend a considerable number of fatigue cycles at a constant ε p . At higher σ inelastic strain accumulates continuously until failure. However, σ SIM (the critical stress for the onset of the transformation, see inset) and the recoverable deformation energy were found to continuously decrease with N . These observations (presented and discussed in detail elsewhere [12] ) indicate a deterioration of PE characteristics due to the stabilization of SIM, which eventually leads to the failure of the specimen. Figure 2 also shows the variation of ε p with N in a sample that was fatigued at σ = 315 MPa and was intermittently annealed (first, second and third healing treatments indicated by arrows). Fatigue life is considerably increased. ε p gets reduced dramatically after each annealing, and with continued cycling the ε p -values reach the plateau level again. Fatigue life data of the intermittently healed specimens tested at other σ levels (figure 1) show a definite improvement in fatigue life due to healing except for the cases of σ = 250 and 450 MPa, where the healed specimen data are within the experimental scatter band of the unhealed specimen data. In the case of σ = 250 MPa, the first healing was performed relatively late into fatigue (at about 60% of the fatigue life), and it is likely that irreparable damage (such as micro-crack initiation) might have occurred already. This case also illustrates that a healing treatment is only beneficial if it is conducted in the early stages of fatigue life.
We now turn our attention to the results of the straincontrolled fatigue experiments. The inset in figure 3 shows a comparison of second cycle stress-strain data after and without an intermediate healing treatment. As a reference, the first cycle behaviour is also plotted. The most prominent functional change between the second and the first cycle is the stress drop, Figure 3 . (Colour online). More than 50% of the stress drop in the first pseudo-elastic cycle can be recovered by heating the specimen to 300
• C. The error bars indicate the scatter of healing experiments performed for varying healing times from t h = 10 to 1200 s. Inset: pseudo-elastic stress-strain hysteresis loops obtained by slow strain-controlled testing. Plateau stresses decrease from the first cycle to the second cycles. Healing reduces the stress drop δσ (full line: healing at 300
• C for 300 s; dashed line: no healing).
δσ , of the critical stress for the formation of SIM. δσ -values remain constant along the stress plateaus. The amount of functional fatigue that can be reversed by healing increases with increasing healing temperature T h , figure 3 . If no healing was performed and both first and second cycle were performed at 50
• C, a stress drop δσ = 35 MPa was observed. At high T h , the stress drop can be reduced by up to more than 50%. Healing at 175
• C already reduces δσ to 19 MPa, whereas increasing T h to 300
• C only decreases δσ by an additional amount of 4 MPa. While there is a clear trend in the δσ -T h -data, δσ does not appear to depend on the healing time, t h . This is indicated by the error bars in figure 3 (at T h = 150
• C) which summarize the experimental finding that δσ varies unsystematically by ±1.5 MPa (i.e. within the range of our overall experimental accuracy) for healing times between 10 and 1200 s.
The healing temperatures used in this study are relatively small; T h = 150
• C (where all structurally fatigued specimens were healed, and where strong functional recovery is also observed) corresponds to ∼0.27 of the melting point, T m , of equi-atomic Ni-Ti. Typically, dislocation recovery processes occur at temperatures above 0.3 T m (slightly lower than ∼0.4 T m required for recrystallization) [13] . Furthermore, the time of healing after stress-controlled cycling is small. And healing of the wire specimens tested in strain control was found to be independent of t h . In fact, healing was effective even when a specimen was heated only for 10 s. Given these conditions, it is unlikely that the dislocations formed during mechanical cycling are affected by the healing treatment, and that only the residual martensite is reduced.
A possible concern one can have is with respect to the temperature variation during testing, which is caused by the endo-and exothermic aspect of the phase transformation that can shift the hysteresis loops through the the ClausiusClapeyron relation. To mitigate such artefacts, the experiments were performed very slowly and the ambient temperature was controlled carefully. In addition, the temperature distribution in the wires was monitored by infrared thermal imaging, which shows that temperature rise is insignificant. It is also to be noted that if there is any specimen heating during fatigue cycling, stress drops without healing would be smaller (because the specimen would be hotter in the second cycle) whereas after annealing the specimen would be again at room temperature in the second cycle and hence plateau stresses would be lower. This would have led to exactly the opposite effect vis-à-vis that reported in this paper. In summary, we can completely rule out the thermal effect on the observed healing results.
Our investigations of functional fatigue allow quantifying the individual contribution of residual martensite to the fatigue behaviour of our ultra-fine grained wires. Stabilization of martensite plays a significant role in altering the macroscopic functional properties during cycling of ultra-fine grained NiTi.
Summary
The work presented in this paper shows that healing treatments work both for functional and for structural fatigue. In the latter case, it is possible to enhance the fatigue life of SMA components through periodic healing treatments, which are simple to perform and yet significantly beneficial. However, one has to keep in mind that the healing treatments are effective only when they are performed in a 'timely' manner, i.e. before some sort of permanent damage gets created within the material. This 'healing' technique could be quite useful in aerospace or automobile structures, which are amenable to either gentle heating of the whole structure or resistive heating of the SMA components in them. A particular advantage of healing and in turn enhancing the fatigue life of the components in such cases is that dismantling the whole structure to replace old, fatigued wires with new ones might be too expensive or simply just not possible.
